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 Abstract 
   Quantum-dot (QD) nanolasers integrated on a silicon photonic circuit are demonstrated for 
the first time. QD nanolasers based on one-dimensional photonic crystal nanocavities containing 
InAs/GaAs QDs are integrated on CMOS-processed silicon waveguides cladded by silicon dioxide. 
We employed transfer-printing, whereby the three-dimensional stack of photonic nanostructures 
is assembled in a simple pick-and-place manner. Lasing operation and waveguide-coupling of an 
assembled single nanolaser are confirmed through micro-photoluminescence spectroscopy. 
Furthermore, by repetitive transfer-printing, two QD nanolasers integrated onto a single silicon 
waveguide are demonstrated, opening a path to develop compact light sources potentially 
applicable for wavelength division multiplexing. 
 
 
 
Silicon photonics [1,2] is a promising avenue towards the realization of highly-functional, low-cost 
photonic integrated circuits [3,4], owing to its compatibility with complementary-metal-oxide-
semiconductor (CMOS) fabrication processes and the access to a variety of well-developed, densely-
integrable micro/nanophotonic elements. However, the indirect bandgap of silicon hinders the 
straightforward implementation of efficient lasers on it. To overcome this issue, a tremendous amount of 
effort has been devoted to the hybrid integration of III-V lasers to the silicon platform, including those 
utilizing wafer bonding and direct crystal-growth techniques [5-22]. Whilst these approaches are known to 
be scalable, the minimum size of the hybridized III-V material is relatively large, which results in the waste 
of a large portion of III-V materials. Its size also hinders the facile and dense integration of diverse materials. 
In addition, the semiconductor micro/nanofabrication on the hybridized wafer tends to be complicated and 
usually require additional process optimization, which may delay the prototyping of the device chip. 
Resolving these issues become much more imperative for the integration of nanolasers, which utilize 
nanocavities for tightly confining light. Nanolasers are key elements in the pursuit of fast [23,24], high 
density [25,26] and energy-efficient operation [27,28] of light sources. Indeed, there has so far been a 
limited number of demonstrations on III-V nanolasers integrated on silicon [15,16], and thus providing the 
motivation to seek alternative integration approaches.  
Fig. 1. (a) Schematic representation of the transfer-printing process. (b) Schematic illustration of a QD 
nanolaser coupled to a silicon waveguide. (c) Electric-field distribution of the fundamental mode of the 
photonic crystal nanocavity calculated by the FDTD method. The width of the nanobeam, w, is 472 nm. 
(d) Numerically evaluated quality factor (red) of the fundamental mode and the fraction of light coupled 
into a silicon waveguide (blue) as functions of the distance between the resonator and the waveguide. 
In this context, the technique called transfer printing [29-31] is fascinating, since it allows for the hybrid 
integration of nanoscale elements by a simple pick-and-place assembly [see Fig. 1(a)], whereby various 
nanoscale structures can be independently fabricated, optimized and then integrated on silicon photonic 
circuits. Moreover, transfer printing enables area-selective material transfer to silicon substrate and hence 
efficient use of III-V material. It may also enable fast device prototyping in a way which is compatible with 
CMOS backend processing. So far, several types of transfer-printed nanolasers have been demonstrated 
[32-35], including the recent realization of a quantum-well nanolaser coupled to a silicon waveguide [35]. 
However, neither a single nor multiple nanolasers on a CMOS-processed silicon waveguide cladded by 
silicon dioxide has been realized using the transfer-printing method. In addition, there has been no report 
on a quantum dot (QD) nanolaser coupled to a silicon waveguide, despite the significance of QD for the 
realization of high-end nanolasers which are less prone to temperature variation [36], as well as feedback 
noise [37] that inherently exist in photonic integrated circuits.  
In this Letter, we demonstrate InAs/GaAs QD nanolasers evanescently coupled to a CMOS-processed 
silicon waveguide by the transfer-printing method. The fabricated devices show clear features of lasing 
oscillation with high light coupling efficiencies (as high as 50%) into the silicon waveguide. We further 
employ transfer printing for assembling two nanolasers onto a single silicon waveguide. The two lasers 
exhibit multi-wavelength output from an output coupler, opening up a possibility to implement ultra-
compact light sources useful for the wavelength division multiplexing. This work sheds light on an 
alternative pathway toward the realization of CMOS-compatible, densely integrated photonic integrated 
circuits illuminated with nanolasers. 
First, we detail our design of the QD nanolaser coupled to the silicon waveguide buried in silicon dioxide, 
which is illustrated schematically in Fig. 1(b). The nanolaser is composed of a one-dimensional photonic 
crystal nanocavity (1D PhC) [38-42] made of GaAs containing InAs QDs. The thickness and the width of 
the 1D PhC nanobeam are 200 nm and 472 nm, respectively. The PhC contains 48 airholes of the diameter 
152 nm, patterned with a lattice constant of 293 nm. From the PhC center toward the outside, we 
quadratically modulated the airhole period from 246 nm (center) to 293 nm (20th unit cell), resulting in the 
formation of defect modes in the 1D PhC. We analyzed the designed nanocavity by numerical simulations 
with the finite-difference-time-domain (FDTD) method. First, we characterized the 1D PhC nanocavity 
placed on silicon dioxide [38]. Figure 1(c) displays an electric-field distribution of the fundamental cavity 
mode, which resonates at the wavelength 𝜆 of 1.17 µm with a quality factor of 1.8×107 and a mode volume 
of 0.82 × (𝜆 𝑛⁄ )3, where 𝑛 (=3.4) is the refractive index of GaAs. Next, we simulate the behavior of the 
1D PhC nanocavity evanescently coupled to a glass-clad silicon waveguide. The width and thickness of the 
waveguide are 300 nm and 210 nm respectively, which allow for the single-mode operation around the 
wavelength of 1.17 µm. We controlled the coupling between the cavity and the waveguide by tuning the 
glass-filled gap between them, d. Figure 1(d) shows a summary of simulated quality factors and cavity-
waveguide coupling efficiencies plotted as a function of d. As d gets smaller, the quality factor of the cavity 
(red circles) degrades due to the enhanced coupling to the waveguide. This in turn improves the cavity-
waveguide coupling efficiency (blue circles), which is defined by the ratio of light leakage from the cavity 
into the waveguide to the total light leakage [15]. For the gap of 370 nm, the cavity-waveguide system 
supports a near-unity coupling efficiency exceeding 99 %, together with a high quality factor of around 104, 
which is sufficiently high for sustaining lasing oscillation with QD gain. 
Next, we describe the fabrication of the device. We fabricated 1D PhC nanocavities on a 200-nm-thick 
GaAs membrane embedding 6 layers of InAs QDs with an areal density of around 1010 /cm2 per layer. The 
GaAs slab are grown on a 1-um-thick Al0.3Ga0.7As sacrificial layer, which is later dissolved to form an 
airbridge structure suitable for   transfer printing. We patterned the designed 1D PhC cavities through 
electron-beam lithography, dry and wet etching. Figure 2(a) displays a false-color scanning electron 
micrograph of a fabricated 1D PhC cavity before being transferred. The 1D PhC cavity (red) is suspended 
by a frame with four narrow tethers (green), which facilitates the sample pick-up during transfer printing. 
A close-up image of the nanobeam with airholes forming the 1D PhC is shown in Fig. 2(b). In parallel, we 
prepared silicon wire waveguides using a CMOS-process foundry. The silicon waveguides are buried in a 
silicon dioxide layer deposited by chemical vapor deposition with a thickness 2 µm. We thinned down the 
top cladding layer by dry etching and obtained a thickness of ~ 370 nm above the silicon waveguide. The 
Fig. 2. (a) False-color scanning electron microscope image of a fabricated 1D PhC before being transferred 
onto a waveguide. A 1D PhC (red) is supported with a square frame suspended by four tethers (green). (b) 
Zoom-up image around the central part of the 1D PhC cavity. (c) Optical microscope image of a fabricated 
device, in which a 1D PhC is transferred onto a silicon waveguide. 
root-mean-square surface roughness of the etched silica surface was measured to be 1.8 nm by an atomic 
force microscope, which was found to be sufficiently smooth for transfer printing. 
The fabricated 1D PhC is then picked up and transfer-printed right above the buried, U-shaped silicon 
waveguide with the use of a transparent silicon rubber (Polydimethylsiloxane) [43], as schematically shown 
in Fig. 1(a). The sample pick-up and release are realized by controlling the adhesive force of the rubber 
stamp by tuning the peeling speed of the rubber [30]. The nanolaser is attached to the silicon photonic chip 
by van der Waals force. Nevertheless, the structure is mechanically rigid enough and supports a sufficient 
heat conductance for lasing [33]. During the transfer printing process, we monitored the positions of the 
nanocavity and the waveguide by an optical microscope. The relative position between them was controlled 
by a fine three-axis piezo stage and the alignment accuracy was found to be better than 100 nm by our 
transfer apparatus. An assembled device is shown in an optical micrograph in Fig. 2(c). The silicon 
waveguide is tapered toward two grating outcouplers, which vertically radiate light guided in the 
waveguide. 
The fabricated device is evaluated by micro-photoluminescence (µPL) spectroscopy at 8 K. We perform 
optical carrier injection to the 1D PhC cavity [“Nanolaser” in Fig. 2(c)] by a pulsed titanium-sapphire laser 
of wavelength 808 nm, pulse width of 650 fs and repetition rate of 80 MHz. A 50x objective lens with a 
Fig. 3. (a,b) PL spectra observed above Nanolaser shown in Fig. 2(c) measured with input power being (a) Pin 
= 1 µW and (b) Pin = 10 µW. (c) Light-in-versus-light-out plot (purple) and measured linewidths (green) of 
the fundamental mode of the PhC nanocavity. Purple solid line shows a fitting result by a set of laser rate 
equations (see Appendix). (d) Spectrum obtained from one of the grating outcouplers recorded with an input 
power of Pin = 10 µW. 
numerical aperture of 0.65 is used to focus the pump laser and to collect PL. The PL signals are analyzed 
by a spectrometer and a cooled InGaAs camera. We limit the collection area of PL signals by a spatial filter 
realized by narrowing the entrance slit of the spectrometer and the region of interest of the camera.  
First, we measure the PL from the nanocavity emitted into free space by collecting light just above the 
cavity. A spectrum measured with a weak irradiated pump power Pin of 1 µW on average is shown in Fig. 
3(a). The sharp peak at 1170 nm originates from the fundamental cavity mode, which becomes visible 
because of non-zero cavity-to-free-space radiation due to imperfect cavity-to-waveguide coupling. The 
quality factor of the cavity mode is evaluated to be 5×103, which seems to be limited by QD absorption and 
fabrication errors existing in the 1D PhC cavity. An intense broad peak at around 1160 nm arises from the 
spontaneous emission of the QDs. We also measure a PL spectrum at a higher pump power of 10 µW, as 
depicted in Fig. 3(b). The cavity signal has drastically increased its intensity and dominated the emission 
spectrum: the background spontaneous emission level is now lower than the cavity peak intensity by an 
order of magnitude. We investigated the pump power dependence of the cavity peak as summarized in Fig. 
3(c). The measured light-in-versus-light-out (LL) plot (purple, left axis) exhibits a typical S shape, 
accompanied by a drastic increase of the output power with a threshold average pump power of 3 µW. In 
addition, we plot the evolution of cavity linewidth (green, right axis) which shows a significant narrowing 
around the lasing threshold. We observed the clamp of the QD spontaneous emission intensity at large 
pumping power as well (not shown). With these observations, the lasing operation of the fabricated device 
is confirmed. We further analyzed the measured LL curve by fitting using a laser rate equation model [44], 
as indicated by the purple solid line in Fig. 3(c). Through the fit, a spontaneous emission factor 𝛽, defined 
as the fraction of spontaneously emitted light that couples to the cavity, is extracted to be 0.2. The fitting 
also reveals the lasing threshold of 3.5 µW. The above analysis using the laser rate equations is detailed in 
Appendix. 
When the PL radiated from the grating out-coupler is collected, the peak of the cavity mode is prevailing 
in the emission spectrum, as seen in Fig. 3(d). This observation suggests that only the cavity radiation 
efficiently couples to the waveguide, while the QD emission does not. At this point we can conclude that 
we succeeded in realizing the QD nanolaser coupled to the silicon waveguide. The coupling efficiency is 
estimated from the reduction of the quality factor of the cavity mode compared to those measured without 
the waveguide-coupling, 1.1×104, which yields the value of 55 %.  
As a further demonstration, we newly assembled two nanolasers with slightly different resonant 
wavelengths of ~ 10 nm on another single silicon waveguide by repeated transfer printing process. An 
optical microscope image of the fabricated device with the two nanolasers is displayed in Fig. 4(a). The 
two nanocavities do not interfere each other, confirmed numerically by the FDTD method, as shown in 
Fig. 4(b). The radiation from one of the two nanolasers propagates in the underlying silicon waveguide 
without re-entering or being scattered by the other nanolaser. µPL spectroscopy is performed by measuring 
the cavity-to-free-space leakage [top panel of Fig. 4(c)] or the radiation from one of the grating outcouplers 
[bottom panel]. For each detection scheme, we measure two spectra taken under respective optical carrier 
pumping into Nanolaser 1 (red) or 2 (blue) with an average power of Pin = 10 µW. Whereas, the spectra in 
the inset of the top panel are recorded with Pin = 1.0 µW. For all the measurement conditions, we observed 
a cavity emission peak originated from the fundamental cavity mode. The comparisons of the spectra in the 
Fig. 4. (a) Optical microscope image of a pair of QD nanolasers printed on the same Si waveguide. (b) FDTD 
simulations demonstrating the independent light propagation of the cavity radiation in the waveguide. Note 
that the color scale is saturated within the cavity for the visibility of the waveguiding. (c) Emission spectra 
obtained above the nanolasers (top panel) and from the output coupler (bottom panel) under optical pumping 
to the Nanolaser 1 (red) and the Nanolaser 2 (blue).  
 
top panel and the inset suggest abrupt increases of the cavity peak intensities with increasing pump power, 
together with the clamps of the QD spontaneous emission. Meanwhile, the spectra in the bottom panel 
imply the coupling of cavity radiation into the waveguide. We confirmed that the LL plots for the two 
nanolasers (not shown) also exhibit clear S-like shapes, the signatures of lasing operation. We fitted the LL 
curves by the laser rate equations and deduced the spontaneous emission factor of Nanolaser 1 (2) being 
𝛽 = 0.080 (𝛽 = 0.11). These observations verify the lasing oscillation of both nanolasers and their 
coupling to the silicon waveguide. The cavity-waveguide coupling efficiencies are estimated to be 30 % 
for Nanolaser 1 and 13 % for Nanolaser 2 by following the procedure described above. The reduced 
waveguide coupling efficiencies observed here presumably arise from the unwanted misalignment of the 
nanocavities with respect to the waveguide. 
There are ways to improve experimental cavity-waveguide coupling efficiency, which is currently 
limited to 55 %. One is to increase the quality factor of the 1D PhC nanocavity on flat glass, which is now 
only ~ 104 at the transparency condition and seems to be degraded mainly due to imperfections in the 
fabrication process of the 1D PhCs. Another way is to decrease the gap between the waveguide and the 
cavity to enhance the coupling between them. However, there is a tradeoff between the enhanced coupling 
and the increased lasing threshold power due to the degraded quality factor. In a situation that the quality 
factor of the 1D PhC cavity on flat glass is improved up to 105, it is possible to achieve a coupling efficiency 
of 90% while keeping a sufficient quality factor of 104 required for the lasing with the threshold around a 
few µW. 
In conclusion, we demonstrated QD nanolasers evanescently coupled to a silicon waveguide. The 
heterogeneous integration of the nanolasers made of GaAs with InAs QDs onto the CMOS-processed 
silicon waveguide was realized by the transfer-printing technique. We obtained high cavity-waveguide 
coupling efficiencies as high as 55 %. Furthermore, two QD nanolasers are assembled on a single silicon 
waveguide by repeating the transfer process, leading to a compact multi-wavelength light source potentially 
applicable to the wavelength division multiplexing. The results presented in this paper manifest themselves 
as important stepping stones toward the future photonic integrated circuitry. 
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Appendix: Rate equation analysis 
We analyze the characteristics of the investigated nanolaser by using the following rate 
equations [44]: 
d𝑁c
d𝑡
= 𝜎𝑝(𝑡) − 𝛾c𝑁c − 𝛽𝛾c𝑁p(𝑁c − 𝑁0), 
d𝑁p
d𝑡
= −𝛾ph𝑁p + 𝛽𝛾𝑐𝑁c + 𝛽𝛾c𝑁p(𝑁c − 𝑁0). 
Here 𝑁c and 𝑁p are numbers of excited carriers and photons in the cavity. The radiative decay rate of a 
carrier in a QD, 𝛾c = 1.0 ns
−1, is used, whereas nonradiative decay processes are neglected here. The 
decay rate of the cavity mode is represented by 𝛾p = 6.8 ps
−1which is given by the quality factor of the 
cavity mode ~ 1.1×104. Transparency carrier number 𝑁0 = 150 is estimated from the average number of 
QDs in the cavity region ~ 0.25 µm2. The parameter 𝛽 reads the spontaneous emission factor and is treated 
as a fitting parameter. The term 𝜎𝑝(𝑡) describes the pumping of carriers by pulsed excitation with a pulse 
duration of 650 fs.  
 
